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ABSTRACT
Non-thermal emission from Active Galactic Nuclei (AGN) jets extends up-to large
scales in-spite of them being prone to a slew of magneto-hydrodynamic instabilities.
The main focus of this study is to understand the impact of MHD instabilities on the
non-thermal emission from large scale AGN jets. We perform high resolution three-
dimensional numerical magneto-hydrodynamic simulations of a plasma column to in-
vestigate the dynamical and emission properties of jet configurations at kilo-parsec
scales with different magnetic field profiles, jet speeds, and density contrast. We find
that the shocks due to Kelvin-Helmholtz (KH) instability in the axial magnetic field
configurations can strongly affect the jet dynamics. Additionally, we also find the pres-
ence of weak biconical shocks in the under-dense jet columns. The inclusion of a helical
magnetic field hinders the vortex growth at the shear surface thereby stabilizing the
jet column. We also obtain synthetic non-thermal emission signatures for different
viewing angles using an approach that assumes static particle spectra and that ob-
tained by evolving the particle spectra using Lagrangian macro-particles incorporating
the effects of shock acceleration and radiative losses. With the latter approach, the
synthetic SEDs obtained for cases with strong KH instability show the presence of
multiple humps ranging from radio to TeV gamma-ray band. In particular, we find
evidence of spectral hardening in the X-ray band due to synchrotron emission from
high energy electrons accelerated in the vicinity of freshly formed shocks. The implica-
tions of such hardened spectra are discussed in view of multi-wavelength observational
signatures in large scale jets.
Key words: jets – instabilities – magnetohydrodynamics (MHD) – methods: numer-
ical – plasmas – shock waves
1 INTRODUCTION
Jets from Active galactic nuclei (AGNs) are essentially a
collimated beam of plasma ejected from the central super-
massive black hole. They cover enormous length and velocity
scales and are composed of energetic relativistic charged par-
ticles (leptons and/or hadrons). An interplay of a large num-
ber of physical processes both at micro-physical and macro-
physical scales determines the dynamical and emission prop-
erties of these jets as they traverse from a region close to
the black hole up-to mega-parsec scales (Blandford et al.
? E-mail: nb29100@gmail.com
† E-mail: bvaidya@iiti.ac.in
2019; Perlman et al. 2019). These large scale jets primarily
emit non-thermal radiation covering the complete electro-
magnetic spectrum i.e., from radio up to γ-rays. Typically,
the continuum spectra show a low energy hump associated
with the synchrotron process peaking in radio-optical band.
Additionally, at smaller scales, jets also show the presence of
a high energy hump due to synchrotron self-Compton (SSC)
or external Compton (EC) or hadronic synchrotron emission
(e.g., Hardcastle 2015; Bo¨ttcher 2019; Blandford et al. 2019).
Magnetic fields play a significant role in launching jets
from the underlying accretion disk and also in the further
accelerating and collimating process (Pudritz et al. 2012;
Hawley et al. 2015). Understanding the structure of mag-
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netic fields can tell us about the jet structure and stability
at large scales. It can provide information regarding any tur-
bulent interactions or entrainment of ambient matter at the
jet boundary. This kind of turbulent interaction is a direct
consequence of a radial shear in the axial velocity of the bulk
flow in the jet. This leads to the development of Kelvin-
Helmholtz instability (hereafter KHI) at the jet boundary
(Kersale´ et al. 2000). Understanding the non-linear evolu-
tion of KHI is essential for modeling the jet dynamics and
determining the jet physical parameters responsible for the
emission. The presence of a helical magnetic field can also
give rise to the current-driven (CD) kink instability, whose
strength depends on the radial distribution of current den-
sity in the jet. Much literature has focused on the devel-
opment and understanding of the characteristics of these
instabilities in the MHD jets (Hardee & Stone 1997; Lery
et al. 2000).
Appl & Camenzind (1992) showed that configurations
having both the CD kink instability and KHI are relatively
stable as compared to configurations with only the KHI by
doing an ideal stability analysis. Later, the same result was
also obtained by Baty & Keppens (2002) through 3D numer-
ical simulations. Even though the jet is bathed in a slew of
instabilities, the evidence reveals a coherent structure over
kilo-parsec to mega-parsec scales. The effects of magnetic
field strength on the development of KHI have been stud-
ied numerically using 2D simulations (Frank et al. 1996;
Malagoli et al. 1996), and also three-dimensional numerical
simulations (Ryu et al. 2000). Rossi et al. (2008) performed
3D relativistic hydrodynamical simulations and found that
the Mach number & ambient-jet density contrast are the
important parameters that determine the evolution of KHI
and entrainment properties. They correlated their simula-
tion results with observational data and suggested that the
presence of KHI is responsible for the structural formation of
Fanaroff-Riley class 1 (FR I) type jets. Linear stability anal-
ysis of non-rotating relativistic jets by Bodo et al. (2013) has
also shown the dependence of KH modes and CD modes on
magnetization and pitch profile. Anjiri et al. (2014) exam-
ined the stability of magnetized jets through 3D numerical
simulations perturbed with KHI and CD kink instability in a
force-free equilibrium condition. This study highlighted the
role of KHI, due to interaction between the jet and ambient
medium, in entrainment and jet braking. Furthermore, the
interaction between the jet and ambient medium leads to
the development of pinch instability that considerably per-
turbs both jet dynamics and emission properties. Chatterjee
et al. (2019) attributed this pinched region as an ideal site for
particle acceleration. A detailed overview of particle acceler-
ation mechanisms and numerical simulations of AGN jets is
presented in various recent reviews (Mart´ı 2019; Marcowith
et al. 2020).
As the AGN jets are prone to such instabilities at all
scales, the dynamical features are bound to be translated
into characteristic emission properties. Numerical models in-
volving studies related to the dynamical impact of jets on
emission properties are limited. A study of the impact of
KH instability on the variation of spectral signatures was
studied by using non-thermal macro-particles with 2D MHD
(Micono et al. 1999) and 2D RMHD slab jets (Vaidya et al.
2018). Tregillis et al. (2001) have also applied the passive
electron transport to model emission from radio galaxies us-
ing 3D simulations. Spectral features of flaring blazars have
been studied to understand the role of interaction of re-
collimation shocks with a travelling shock in emission sig-
natures (Fromm et al. 2016).
With the advance of observations with high resolution,
it is getting possible to get a more clear picture of jet proper-
ties at small scales. One such characteristic feature observed
is the presence of bright X-ray spots even at kpc scales.
For example, Chandra observations of the radio galaxies like
3C 346, and 3C 227 show bright knotty features in X-rays
(Worrall & Birkinshaw 2005; Migliori et al. 2020). There are
several arguments regarding their origin that include IC-
CMB emission, SSC, and proton synchrotron. Kobak & Os-
trowski (2000); Georganopoulos et al. (2016) have proposed
the MHD turbulent interaction as one of the possibilities of
accelerating particles to high energies. However, which phys-
ical process dominates in accelerating particles at kpc scales
is still an open issue.
The effect of MHD instabilities on the acceleration of
particles and on the broad-band emission spectra of large
scale jets is one of the least studied areas. This is largely
due to the fact that its a multi-scale problem where the
emission process is governed by micro-physical processes and
dynamics happen at a macro-physical scale. A hybrid par-
ticle module for the PLUTO code (Vaidya et al. 2018) has
been developed to provide the bridge between these scales.
It is not clear how each of the current-driven, pressure-
driven, or shear driven instabilities contributes to the ob-
served features of these jets. In this paper, we work in the
non-relativistic regime of AGN jets at tens of kilo-parsec
scales having a Lorentz factor of the order of 1 to 1.5. The
main goal of this work is to investigate the role of Kelvin-
Helmholtz instability in determining the spectral signatures
of the multi-wavelength emission from these jets. The pa-
per is organized as follows. Section 2 describes the required
numerical methodology and initial conditions for dynami-
cal modeling. In section 3, different emission modelling ap-
proaches are presented. Section 4 describes the results ob-
tained from dynamical analysis and emission modeling with
the effects of orientation. The impact of shock formation,
particle acceleration, and instabilities on the jet emission is
explained in section 5. Finally, section 6 lists the important
findings of this work.
2 NUMERICAL SETUP
2.1 Equations and numerical methodology
Three-dimensional simulations of cylindrical plasma
columns have been carried out by solving the following set
of ideal time-dependent magneto-hydrodynamic equations
in the Cartesian coordinate system (X, Y, Z) -
∂ρ
∂t
+ ∇ · (ρv) = 0, (1)
∂ρv
∂t
+ ∇ ·
(
ρvv − BB +
(
P +
B · B
2
)
I
)
= 0, (2)
∂E
∂t
+ ∇ ·
[(
P + E +
B2
2
)
v − B(v · B)
]
= 0, (3)
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∂B
∂t
+ ∇ · [vB − Bv] = 0, (4)
∇ · B = 0, (5)
where ρ, P, B, and v are the density, isotropic gas pressure,
magnetic field, and velocity respectively. Note that a factor
1/√4pi has been reabsorbed in the definition of B. The energy
density is the sum of thermal, kinetic, and magnetic energy
densities respectively. It is given by the following expression
E =
P
Γ − 1 +
ρv2
2
+
B2
2
, (6)
where the internal energy is governed by the ideal gas equa-
tion and the ratio of specific heats, Γ is 5/3. Further, we
employ a scalar tracer field τ to distinguish between the jet
and the ambient fluid. Its value is set to unity for the region
r < Rj, where r =
√
X2 + Y2 is the cylindrical radius and Rj
is the jet radius.
The numerical simulations are carried out employing
the MHD module of the astrophysical fluid dynamics code
PLUTO (Mignone et al. 2007). A linear reconstruction
shock-capturing method employing the hllc solver is used.
2.2 Initial conditions
We simulate a portion of an AGN jet at kpc scales assum-
ing that the jet has become non-relativistic (Laing & Bridle
2014). For this purpose, a 3D cylindrical plasma column is
initialized in a Cartesian box of size 4Rj × 4Rj × Lz. Here,
Rj is the radius of the plasma column which is set to unity
and Lz is the axial size of the box following an aspect ratio
Lz/Rj = 2. The resolution of the grid is set to 200× 200× 100
zones which translates to ∆X = ∆Y = ∆Z = 0.02Rj. We will
refer to this 3D plasma column as a jet but it should be
noted that we are only modelling a representative section
of the large scale kpc jet. The simulation runs are typically
done using non-dimensional quantities and expressed in code
units (c.u.). To scale them in physical units, we have chosen
three scales - Length (Lsc = 100 pc), Velocity (Vsc = 5000
km s−1), and density (ρsc = 1.004 × 10−26 g cm−3) relevant
for the present study.
The density in the jet is set using a parameter η =
ρout/ρ0 that represents the density contrast between the am-
bient value (ρout = 1 ) and that on the jet axis ρ(r = 0) = ρ0.
We model jets with a density equal to ambient (η = 1) and
also those which are under-dense (η > 1). The density profile
is
ρ(r) = ρout
©­­«1 +
(1/η − 1)
cosh
(
r
Rj
)4 ª®®¬ . (7)
The flow velocity is set along the axial direction zˆ and
sheared radially with a hyperbolic tangent profile. The initial
radial distribution of the velocity field is given as (Baty &
Keppens 2002)
Vz(r) = V2 tanh
(
Rj − r
a
)
, (8)
where V is the amplitude of the velocity shear, Rj is the jet
radius, a is the width of the shear layer and r is the radius in
the cylindrical coordinate system. The values of these initial
model parameters are Rj = 1, a = 0.1, and on-axis pressure
P(r = 0) = P0 = 1. The sonic speed on the jet axis is given by
cs = (ΓP0/ρ0)1/2. For the jet models with a density equal to
ambient (η = 1), the value of sound speed is cs = 1.29 which,
in physical units, is 6450 kms−1 corresponding to a thermal
temperature of ∼ 3 × 109 K at the axis of the jet. The flow
regime by Mach number can be found by calculating the
Mach number along the axis using Ms = V/cs where V is the
speed of the jet at the axis.
The radial profile of the magnetic field structure can
be expressed in the following general form given by Baty &
Keppens (2002)
Br = 0, Bφ = B1
r/rc
1 + (r/rc)2
, Bz = B0, (9)
where the parameters B0 and B1 control the magnetic field
strength and the radial pitch profile and rc is the charac-
teristic column radius. For positive values of the parame-
ter B1, the current density has its maxima on the jet axis.
The initial radial profiles of the azimuthal magnetic field
Bφ are shown in Fig. 1. For the system to be in a state of
magneto-hydrodynamic equilibrium initially, which is essen-
tially a balance between gas pressure and magnetic pressure
forces, the gas pressure distribution must follow the radial
component of the momentum conservation equation which
is given by
∇P = (∇ × B) × B. (10)
The radial profile of the gas pressure distribution can then
be derived analytically from the radial component of the
above expression to yield the form
P = P0 − B1
2
2ρ0
(
1 − 1[1 + (r/rc)2]2
)
, (11)
and is shown in Fig. 1 for all configurations. We further
define the radial pitch profile as follows -
Π(r) = rBz
Bφ
=
rcB0
B1
[
1 +
(
r
rc
)2]
, (12)
where the choice of rc governs the position of the maximum
of pitch Π.
A periodic boundary condition is used along the axial
direction which restricts the wavelength of the perturbations
to values that fit within the length Lz, which is the size of
the computational domain along the axial direction. The
boundary condition on the side walls is chosen as reflective
to have a helical field structure in the jet.
The magneto-hydrodynamic equilibrium is perturbed
only using the m = ±1 modes. The mathematical form of
the velocity perturbations applied to the three cases is given
by
vr = δV exp
(
−(r − Rj)
2
16a2
)
cos(mθ) sin
(
2pinZ
Lz
)
, (13)
where δV = 0.01 is the amplitude of the applied velocity
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perturbation and 4a = 0.2 is its width along the radial di-
rection. The axial and azimuthal numbers are set to n = 1
and m = 1 to excite the Fourier modes that may play a
role in destabilizing the jet. Such perturbations can trigger
Kelvin-Helmholtz modes on the surface and kink modes in
the presence of non-zero current density as there is a small
yet finite displacement of the jet localized at the boundary
or the jet radius Rj.
We have studied a total of nine models with varying
sonic Mach number Ms, density contrast η, characteristic
column radius rc, and magnitude of axial and azimuthal
component of magnetic field strength. A summary of the
detailed model parameters for all the cases is given in Ta-
ble 1. The initial conditions for the jet models with Ms = 1.26
(i.e., the A cases) follow that of Baty & Keppens (2002). The
A cases are primarily for validation purposes. Based on the
magnetic field structure, the jet models are classified as the
UNI, HEL1 and HEL2 cases and are described as follows.
• The UNI cases have a uniform axial magnetic field. The
model UNI-B is our reference case. In addition to UNI-B,
we investigate the dynamical evolution of the model UNI-
A for validation and under-dense jets UNI-C and UNI-D
for comparison. The UNI-B, C, and D cases have an axial
sonic Mach number Ms = 5.0 while the UNI-A case has Ms =
1.26. The UNI-C and D cases are under-dense jets that have
a smooth density variation along the radial direction. The
UNI-D configuration has the highest density contrast η.
• The HEL1 cases are current carrying magnetized jets
with an initial helical magnetic field having a pitch profile
with characteristic column radius rc = 2.0 (see Eq. 12). The
HEL1-B case is for comparison with the reference case UNI-
B and the HEL1-A case is for validation. The HEL1-A and B
cases have the same axial sonic Mach numbers of Ms = 1.26
and Ms = 5.0 respectively as their UNI counterparts.
• The HEL2 cases are identical to the HEL1 cases except
that they differ in their pitch profile as rc is set to 0.5 for the
HEL2 cases as opposed to rc = 2.0 for the HEL1 cases. The
HEL2-B and C cases are for comparison with the reference
case UNI-B whereas the HEL2-A case is for validation. The
axial sonic Mach numbers corresponding to the HEL2-A, B,
and C cases are Ms = 1.26, 5.0, and 10.0 respectively.
The values of the parameters B1 and B0 are 1 and 0.25
respectively and are kept the same for all models with helical
magnetic fields (see Eq. 9). With the choice of physical scales
used in the present work, the value of Bz at the axis corre-
sponds to 44 µG and the value of the azimuthal component
of the magnetic field is Bφ = 71µG at r = Rj for the HEL1
and HEL2 cases. We define the parameter β = 2P/B2 to
characterize the magnetic field strength for the simulation
runs. For all the runs, we initially set β = 32 correspond-
ing to the values of gas pressure (P0) and total magnetic
field (B0) on the jet axis. This initial value of β defined at
the axis will be the same for UNI cases within the plasma
column, however, HEL1 and HEL2 cases will have a radial
dependence of β. The initial value of β at the jet radius Rj
is β(r = Rj) = 7.37 for the HEL1 cases and β(r = Rj) = 4.67
for the HEL2 cases. The UNI cases are subject to the purely
hydro-dynamical KHI at the jet boundary while the HEL2
cases have a helical magnetic field which can hinder the KH
modes on the jet surface.
Time is in units of radial Alfve`n crossing time which is
Figure 1. Initial radial profiles of the azimuthal magnetic field
Bφ (top), and gas pressure P (bottom) for all the jet models given
in table 1.
defined as ta = Rj
√
ρ0/B0. In the cases with jet density equal
to that of the ambient (η = 1), the radial Alfve`n crossing
time ta corresponds to ≈ 78.3 kyr for the chosen set of phys-
ical scales. We ran the simulation for A cases up-to 3.75 ta,
while, the jet models UNI-B, HEL1-B, and HEL2-B were
ran up to 4.75 ta as the instabilities develop slightly later
for high sonic Mach number flows as the growth rate of KHI
depends inversely on the sonic Mach number (Hardee 2008).
The UNI-C and UNI-D cases have the same sonic Mach num-
ber (Ms = 5.0) as the B cases but higher jet-speed on-axis
due to the low density ρ0 that results in higher sound speed
cs. Consequently, these two cases were ran up to 7.25 ta and
15.0 ta as it takes a long time for the instabilities to develop
due to higher jet speeds on-axis.
3 EMISSION MODELLING
Synchrotron and inverse-Compton (IC) are the two most
primary radiation mechanisms responsible for the observed
double humped spectral energy distribution (SED) in the
jets. To study the effects of magneto-hydrodynamic insta-
bilities on the continuum emission spectra of jets at large
scales, we have considered two different approaches to model
the non-thermal emission. For the first approach, we have
developed a post-processing tool that considers static parti-
cle spectra i.e., the spectra do not evolve with time. For the
second approach, we have used the hybrid macro-particle
MNRAS 000, 1–19 (2020)
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Table 1. Summary of parameters in the initial configuration of the jet. Here, the magnetic pitch parameter Π, sonic Mach number Ms,
and axial velocity Vz/c are specified on the jet axis, Bφ is the azimuthal magnetic field, η is the density contrast, tstop/ta is the time at
which the run ends, and rc is the characteristic column radius. All the cases have plasma β = 2P0/B20 = 32 on the jet axis and an axial
magnetic field Bz = 44 µG.
Case rc/Rj Π(r = 0)/Rj Ms(r = 0) Vz(r = 0)/c Bφ (r = Rj) η tstop/ta Remarks
µG
UNI-A ... ∞ 1.26 0.027 0 1 3.75
Cases for validationHEL1-A 2 0.5 1.26 0.027 71 1 3.75
HEL2-A 0.5 0.125 1.26 0.027 71 1 3.75
UNI-B ... ∞ 5.00 0.1 0 1 4.75 Reference case
HEL1-B 2 0.5 5.00 0.1 71 1 4.75
Comparative cases
HEL2-B 0.5 0.125 5.00 0.1 71 1 4.75
UNI-C ... ∞ 5.00 0.24 0 5 7.25
HEL2-C 0.5 0.125 10.00 0.2 71 1 4.75
UNI-D ... ∞ 5.00 0.7 0 50 15.0
based framework in the PLUTO code developed by Vaidya
et al. (2018), where the particle spectra evolve with time
depending on local fluid quantities, and the history is also
preserved during its update. In the following subsection, we
have described the methods involved to calculate the Syn-
chrotron (section 3.1.1) and IC (section 3.1.2) emissivity for
the first approach with the static particle spectra along with
the associated intensity and flux.
3.1 Static particle spectra
In this approach, each grid cell of the computational domain
is treated as a single emitting blob for which the emissivity is
modeled. This considers a non-uniform distribution of mass
density, magnetic fields and assumes a homogeneous energy
distribution of the emitting ultra-relativistic particles for the
calculation of grid distribution of emissivities. The inputs
are the fluid variables obtained from the simulations done by
using the PLUTO code and the viewing angle. Additionally,
the parameters that prescribe the static particle spectrum
are also provided as inputs. For static power-law spectra
(Eq. 15), input parameters are the lower and upper energy
bounds - γmin and γmax respectively, the power-law index
p and the ratio of the number density of the non-thermal
electrons to fluid number density ηNT = nNTe mp/ρ, where nNTe
is the number density of non-thermal electrons. The outputs
are the intensity maps and flux (see Eq. 19 and Eq. 20). The
validation of this approach is given in the appendix A.
3.1.1 Synchrotron emission
The synchrotron emission from the jets may have either lep-
tonic or hadronic or lepto-hadronic origin. In our work, we
assume that the synchrotron emitting particles are mainly
electrons and their energy distribution is a power-law with
spectral index p.
Given the synchrotron power radiated by a single elec-
tron P(ν, γ), the total synchrotron emissivity due to an en-
semble of ultra-relativistic electrons is computed using the
following expression (Longair 2011)
Jsyn(ν, nˆlos) =
∫
P(ν, γ)N(γ)dγ, (14)
where N(γ)dγ is the total number of electrons per unit vol-
ume having a Lorentz factor in the range γ to γ + dγ with
power-law spectral index p and is given by
N(γ)dγ = N0γ−pdγ, γmin < γ < γmax (15)
where γmin and γmax are the limits of the electron energies
and N0 is the normalization constant.
The synchrotron emissivity can also be expressed in the form
given by Pandya et al. (2016),
Jsyn(ν, nˆlos) =
νc(p − 1)3p/2
γ
1−p
min − γ
1−p
max
(
ν
νc sinα
) 1−p
2 nNTe e
2
c2
p+1
2∫ x2
x1
F(x)x p−32 dx,
(16)
where α is the angle between the line of sight vector nˆlos and
the magnetic field vector B, and νc is the critical frequency
of synchrotron emission for a single electron and is given by
νc =
3
2
γ2νG sinα, (17)
where νG = eB/2pimec is the gyrofrequency of the electron
(Longair 2011). The function F(x) is the modified Bessel
function integral of the order 5/3,
F(x) = x
∫ ∞
x
K5/3(η)dη, (18)
where x = ννc .
We used the fundamental radiative transfer equation in
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the optically thin limit (Rybicki & Lightman 1986) to cal-
culate the specific intensity. For this, the emissivity Jsyn(ν, r)
is integrated for a given line of sight along the direction
nˆlos defined by the spherical coordinates θ and φ (i.e. nˆlos =
[sin θ cos φ, sin θ sin φ, cos θ]) using
Iν(ν, X ′,Y ′) =
∫ ∞
−∞
Jsyn(ν, X ′,Y ′, Z ′) dZ ′, (19)
where we choose a Cartesian coordinate system with the Z ′-
axis along the line of sight of the observer while the other
two axes are in the sky plane.
Then the flux density at a particular frequency ν can be
estimated by integrating the specific intensity distribution
over the solid angle subtended at the observer’s position by
the projection of the emitting region in the jet on the sky
plane. This is given by
Fν(ν) =
∫
Iν(ν, X ′,Y ′) dΩ, (20)
where the solid angle is given by dΩ = (dX ′ × dY ′)/D2. This
equates to 6.4×10−14 steradians for an observer to source dis-
tance D = 7.9 Mpc corresponding to the luminosity distance
of the blazar Centaurus A (Sandage & Tammann 1975). This
is the distance D that we have used for modeling the emis-
sion from all the jet configurations. The dimensions of a grid
zone are dX ′ = dY ′ = dZ ′ = 2pc and they depend on the cho-
sen grid resolution. The total integrated flux density Fν(ν)
can then be used to plot the continuum emission spectra.
3.1.2 IC emission
Inverse-Compton scattering involves two types: synchrotron
self-Compton (SSC) and external Compton (EC). As the fo-
cus is on studying the portion of the jet far away from the
central black hole, the seed photons for the inverse-Compton
scattering are typically from the Cosmic Microwave Back-
ground (CMB). The same electron population which is re-
sponsible for the synchrotron emission scatters the CMB
photons in jets at kpc-scales resulting in inverse-Compton
or IC emission - the IC/CMB model described in Breiding
et al. (2017). We assume an isotropic seed photon distribu-
tion and the bulk-flow of the jet at kpc-scales to be in the
non-relativistic limit. The total IC emissivity at a particular
frequency due to this ensemble of ultra-relativistic electrons
can be computed using the form given in Petruk (2009)
JIC(ν) =
∫
p(ν, γ)N(γ)dγ. (21)
It can also be expressed in the form given by Rybicki &
Lightman (1986),
JIC(ν) =
3chσTnNTe (p − 1)2p−2
4pi
(
γ
1−p
min − γ
1−p
max
)
ν
p−1
2
∫
dν1 ν
p−3
2
1 (ν1)∫ x2
x1
dx x
p−1
2 f (x),
(22)
where σT is the Thomson scattering cross-section, and (ν1)
is the black-body distribution of the seed photons from the
Cosmic Microwave Background given by the expression
(ν1) = 8pihc3
ν31
exp
(
hν1
KTCMB
)
− 1
, (23)
and the function f (x) is given by
f (x) = 2x ln(x) + 1 + x − 2x2, 0 < x < 1 (24)
where x = ν4γ2ν1
.
For low energy electrons with Lorentz factor γ << γk, IC
losses will be in the Thomson limit, but for high energy
electrons with γ >> γk, the IC losses occur in the extreme
Klein-Nishina limit where γk =
0.53mec2
KBT
= 109 is the critical
Klein-Nishina Lorentz factor for a CMB photon with T =
TCMB = 2.73K (Schlickeiser & Ruppel 2010; Petruk 2009).
The IC intensity maps and flux density are calculated
by using the same methods as explained in section 3.1.1.
3.2 Evolving particle spectra
One of the limitations of our first approach which makes
it a rather simplistic prescription for emission modeling is
the assumption of a static power-law distribution of rela-
tivistic electrons (i.e., a constant value of power-law index
p). In order to relax the above constraint and take into
account the effects of micro-physical processes (for exam-
ple particle acceleration due to shocks) on the distribution
function of emitting particles and subsequently on emissivi-
ties Jsyn(ν, nˆlos, r) and JIC(ν, nˆlos, r), we use another approach
where the energy spectra of the emitting particles evolve
with time.
It follows a Lagrangian macro-particle based approach
where each of these macro-particles is essentially an ensem-
ble of non-thermal particles (e.g. electrons in this case). The
outputs of the hybrid model are the Synchrotron and IC
emissivities that are generated by evolving the particle spec-
tra for a user-defined observing frequency value. These emis-
sivities are provided as inputs to the post-processing tool
to obtain the intensity maps and flux using equations 19
and 20. The detailed methodology of this approach and the
equations considered to calculate the emissivities are given
in Vaidya et al. (2018). We initialize all the runs listed in Ta-
ble 1 using the hybrid framework in the PLUTO code with
6 × 105 Lagrangian macro-particles that are randomly dis-
tributed in space following Gaussian deviates that depend on
the cylindrical radius. This allows complete sampling of the
plasma column as more particles are initialized close to the
axis. The initial electron distribution is chosen as a power-
law given by Eq. 15 in which the normalization constant is
N0 =
ηNTρ(p − 1)
mp
(
γ
1−p
min − γ
1−p
max
) . (25)
The electron distribution within each macro-particle is
evolved depending on the physical grid quantities interpo-
lated at the macro-particle position.
In the case of supersonic flows, shocks are traced and
the spectral distribution of any macro-particle experiencing
the shock is updated based on the compression ratio of the
shock Vaidya et al. (2018). It should be noted that in this
work, only shocks are considered as a possible re-acceleration
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mechanism and no distinction is made with regards to quasi-
parallel or quasi-perpendicular shocks. Instead, the stan-
dard diffusive shock acceleration (DSA) approach has been
adopted whereby the spectral slope flattens to a momentum
index given as 3s/(s − 1), with s being the shock compres-
sion ratio (Micono et al. 1999; Jones et al. 1994, Mukherjee
et. al. in prep). At any given time, the instantaneous dis-
tribution of electrons for each macro-particle is convolved
with single electron power for estimating emissivity associ-
ated with that macro-particle. Finally, the value of emissiv-
ity for each macro-particle is interpolated back onto the grid.
Once we can obtain the grid distribution of the emissivities
Jsyn(ν, nˆlos, r) and JIC(ν, nˆlos, r), we integrate them along a line
of sight to generate the intensity maps and emission spectra
using the same method described in section 3.1.1.
4 RESULTS
The methods of dynamical and emission modeling of
magneto-hydrodynamic instabilities in jets have been de-
scribed in sections 2 and 3 respectively. We describe the
results obtained using dynamical modeling in the following
section, while the results obtained from emission modeling
will be described in section 4.2.
4.1 Dynamical modeling results
We do the dynamical modeling of jets to study the effects of
magneto-hydrodynamic instabilities on the jet dynamics and
energetics. By solving the ideal MHD equations, we study
the temporal evolution of three-dimensional scalar and vec-
tor fields such as mass density ρ, gas pressure P, magnetic
field B, and velocity field v. Three-dimensional snapshots
of the jet density structure for the models UNI-A, UNI-B,
HEL2-A, and HEL2-B at t/ta = 3.75 are shown in Fig. 2 for
a direction lying in the X-Z plane (i.e. nˆlos = [sin θ, 0, cos θ])
along a line of sight inclined at 20◦ with the jet axis. In the
uniform magnetic field configurations i.e., UNI-A and UNI-
B where only the Kelvin-Helmholtz instability is present,
the jet dynamics are greatly altered by t/ta = 3.75 as com-
pared to the helical configurations HEL2-A and HEL2-B in
which the jet remains relatively stable as the jet boundary
is clearly distinguishable.
Fig. 3 shows the two-dimensional cuts of pressure and
vorticity distribution in the Y-Z plane for the UNI-B case
at t/ta = 3.75, for the UNI-C case at t/ta = 5.59, and for
the UNI-D case at t/ta = 10.61 respectively. In the UNI-B
case, the KH instability in the shear layer at the jet bound-
ary results in the formation of strong shocks. Such shocked
structures are also seen on the jet boundary in the UNI-C
and UNI-D cases. Additionally, for these cases, there are re-
gions at high pressure on the jet axis due to the formation
of biconical shocks which are relatively weaker as compared
to those formed at the jet boundary. A detailed discussion
on the under-dense jets UNI-C and UNI-D is presented in
section 5.3.
In all three cases, the vortical structures are present
at the jet boundary as they can only form in regions with
velocity shear. The vorticity is highest in the UNI-D case
as there is a large velocity shear due to high axial velocity
inside the jet (Vz = 0.7c). The strong shocks resulting from
the high-velocity shear influence the emission properties of
MHD jets that are discussed in section 5.
4.1.1 Jet energetics and validation of dynamical jet
models
In order to validate our dynamical jet models, we set up
our A cases with initial conditions identical to those given
for the three configurations in Baty & Keppens (2002). For
comparison, we plotted the time evolution of the volume-
averaged energies defined below (see Fig. 4).
The volume-averaged perturbed kinetic energy confined
to the X-Y plane Ekxy is given by
Ekxy =
1
Vb
∫
Vb
ρV2x + ρV
2
y
2
dX dY dZ − Ek,0xy , (26)
and the volume-averaged perturbed magnetic energy con-
fined to the X-Y plane Ebxy, is
Ebxy =
1
Vb
∫
Vb
B2x + B
2
y
2
dX dY dZ − Eb,0xy , (27)
where Vb = 16R2j Lz is the volume of the simulation box, and
Ek,0xy and E
b,0
xy are the initial kinetic and magnetic energies
obtained from the equilibrium conditions. As Ek,0xy = 0, the
volume-averaged perturbed kinetic energy confined to the X-
Y plane Ekxy, is the same as volume-averaged kinetic energy.
The volume-averaged perturbed axial kinetic and magnetic
energies are given by
Ekz =
1
Vb
∫
Vb
ρV2z
2
dX dY dZ − Ek,0z , (28)
and
Ebz =
1
Vb
∫
Vb
B2z
2
dX dY dZ − Eb,0z . (29)
We extend this analysis to the jet configurations with
a higher sonic Mach number (Ms = 5) (i.e., B cases). The
results for the UNI-A and HEL2-A cases (Ms = 1.26) shown
in the left-hand panels of Fig. 4 are in agreement with those
obtained by Baty & Keppens (2002) and the results for the
corresponding B cases are shown in the right-hand panels of
Fig. 4. In the jet configuration UNI-A where only the Kelvin-
Helmholtz instability is present, vortex growth occurs at the
jet boundary (Baty & Keppens 2002). The magnetic field
lines get concentrated around the edges of these vortices and
the build-up of magnetic and kinetic energy Ebxy and E
k
xy, in
the transverse direction, disrupts the flow (see panels (a) and
(b) in Fig. 4). In contrast, the vortex growth is suppressed
by the azimuthal magnetic field Bφ which stabilizes the jet
in the HEL2-A configuration. In the B cases with Ms = 5,
the beginning of the instability is marked by the deviation
of the axial kinetic energy from its initial value which occurs
at t/ta ≈ 3.375 in the UNI-B case (see panel (g) in figure 4).
In the UNI-B case, the Kelvin-Helmholtz instability makes
the flow turbulent at small scales resulting in freshly formed
shocks that disrupt the flow. As a result, the kinetic and
magnetic energies in the transverse direction, Ekxy and E
b
xy
increase from t/ta ≈ 3.375 (see top two panels in the right
column of figure 4). In the HEL2-B case, small deviations
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Figure 2. The three-dimensional isosurface density contours of the model UNI-A (top-left), HEL2-A (top-right), UNI-B (Bottom-left,)
and HEL2-B (Bottom-right) at t/ta = 3.75 for a direction along a line of sight inclined at 20◦ with the jet axis. The colorbars represent
the jet density ρ/ρ0. While the UNI cases have a turbulent flow structure as they experience the KH instability alone, the HEL2 cases
have a clearly identifiable jet boundary as they are relatively stable.
are seen in the transverse and axial magnetic energies, Ebxy
and Ebz as the presence of a helical magnetic field suppresses
the steepening of any turbulent features thereby curbing any
shock formation.
4.2 Emission modeling results
We do the emission modeling of jets to study the effects of
magneto-hydrodynamic instabilities on the continuum emis-
sion spectra of jets. A comparison of different emission mod-
eling approaches is explained in section 4.2.1 and section
4.2.2 describes the effect of orientation on the emission prop-
erties.
4.2.1 Comparison of different emission modeling
approaches:
Modeling emission with evolving particle spectra helps in
incorporating the additional physics due to radiative losses.
Fig. 5 shows the synchrotron emission maps for the UNI-A
case obtained at t/ta = 2.25 using the static particle spectra
(top panels of Fig. 5) and evolving particle spectra (bottom
panels of Fig. 5). In the A cases, for both approaches, we
assume that the energy distribution of the ultra-relativistic
emitting electrons is a power-law with spectral index p = 3,
and energy limits γmin = 100 and γmax = 106. The ratio of the
number density of the non-thermal electrons to fluid number
density is taken as ηNT = 10−3. As the initial distribution of
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Figure 3. Left-hand panels: The distribution of jet pressure P/P0 in the Y-Z plane of the models UNI-B at t/ta = 3.75 (top), UNI-C
at t/ta = 5.59 (middle), and UNI-D at t/ta = 10.61 (bottom) respectively. Right-hand panels: The distribution of the vorticity along the
normal to the Y-Z plane (∇ × v)x for the corresponding cases at the same times. The colorbars in the left and right panels represent
the corresponding pressure and vorticity respectively in code units. Overplotted as black lines are the tracer contours at level 0.8 to
demarcate the jet boundary in all three cases. The tracer levels close to the jet axis are greater than 0.8 and are not shown here.
non-thermal particles is a power-law for both approaches,
the number of emitting electrons drops with an increase in
energy which leads to a dimming effect in the intensity maps.
The two bright features resembling a figure of eight which
appear in these emission maps can be attributed to the mag-
netic field structure at t/ta = 2.25. The Kelvin-Helmholtz in-
stability in the UNI-A case leads to vortex formation at the
jet boundary. The magnetic field lines get concentrated at
the edges of the vortices due to a local increase in jet density
which results in increased emission from these regions. An
enhanced dimming is seen in the intensity maps obtained
with evolving particle spectra (bottom panels of Fig. 5) at
higher frequencies as the bright features completely vanish
in the emission map obtained at a frequency ν = 43GHz.
This difference is purely on the account of radiative losses
due to the synchrotron process which is unaccounted for in
the static particle spectra approach. Further, the UNI-A case
which has a relatively lower initial axial sonic Mach number
does not show any shock feature to energize particles under-
going radiative losses. Therefore, the non-thermal electrons
lose energy with time due to the synchrotron cooling effect
which results in the enhanced dimming of the jet emission at
higher energies as cooling becomes more efficient at higher
energies due to shorter cooling time.
Using the evolving particle spectra, no shocks were cap-
tured in any of the A cases. For studying the impact of
shocks, we ramp up the initial sonic Mach number to Ms = 5
along the jet axis for all three configurations to study its ef-
fects on the jet emission. In the resulting jet models UNI-B,
HEL1-B, and HEL2-B, we apply both emission modelling
approaches. A discussion on the SEDs obtained using the
evolving particle spectra is presented in section 5 and we
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Figure 4. Left-hand panels: The time evolution of the volume-averaged perturbed (a) kinetic energy in the X-Y plane Ekxy, (b) magnetic
energy in the X-Y plane Ebxy, (c) axial kinetic energy E
k
z , and (d) axial magnetic energy E
b
z for the UNI-A and HEL2-A cases. Right-hand
panels: The time evolution of corresponding energies for their higher sonic Mach number (Ms = 5.00) counterparts.
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now discuss the SEDs obtained with static particle spectra
along with the effect of orientation.
4.2.2 Effect of orientation with static particle spectra:
In addition to the intensity maps, we also plotted the SEDs
for the B cases with two different inclination angles and
discussed the effect of orientation on the emission with the
first emission modeling approach. The input parameters for
the static particle spectra are the same as considered for the
intensity maps (as given in section 4.2.1). The sharp cut-offs
at both ends of the spectrum are because of the energy limits
of the emitting electrons whereas the slope of the flat portion
of the SED is zero for our chosen value of the spectral index,
p = 3 as it goes as (3 − p)/2. For a direction along a line of
sight that is close to the axial direction with θ = 20◦, the
total integrated flux in the UNI-B case is of the order 10−16
ergs s−1 cm−2 which is nearly two orders of magnitude lower
than the fluxes in the HEL1-B and HEL2-B cases that are
of the order 10−14 ergs s−1 cm−2. The fluxes for all the B
cases are of the same order for a direction along a line of
sight that is highly inclined with the jet axis (θ = 50◦) in the
X-Z plane. The increased synchrotron emission for the UNI-
B case at higher inclination angles of the line of sight with
the jet axis can be attributed to the orientation of the line
of sight vector nˆlos with the magnetic field vector B. The
synchrotron emissivity given by equation 16 goes directly
as |B × nˆlos | ∝ |B| sinα where α is the angle between the
line of sight vector nˆlos and the magnetic field vector B. In
the UNI-B case, as the axial magnetic field dominates the
transverse magnetic field in most of the grid zones, we get
θ ≈ α. For a line of sight close to the jet axis (θ = 20◦),
the contribution to the total integrated flux from most of
the grid zones will be less as sinα has smaller values for
small α. However, in the HEL1-B and HEL2-B cases, the
azimuthal magnetic field Bφ which is nearly perpendicular
to a line of sight close to the jet axis contributes significantly
to the synchrotron emission as sinα → 1 for α → 90◦. This
explains the higher total integrated flux levels in the HEL1-
B and HEL2-B cases for θ = 20◦. For θ = 50◦, on the other
hand, the axial magnetic field in the UNI-B case will now
have a component that is perpendicular to the line of sight
which contributes to the synchrotron emission of the jet.
This results in fluxes of roughly the same order for the B
cases as shown in the right-hand panel of Fig. 6.
We also studied the effect of orientation on the SEDs
produced using evolving particle spectra for the reference
case UNI-B but at times after the shock formation occurs.
The formation of shocks near the shear surface results in a
turbulent flow which breaks the directionality of the mag-
netic field. Additionally, the spectral evolution now also de-
pends on the strength of shocks along with the strength and
direction of the magnetic field. This non-linear dependence
of emissivity on the spectral slope and the direction of the
magnetic field results in a spectral evolution that does not
show explicit dependence on the orientation. A detailed dis-
cussion on the SEDs obtained with evolving particle spectra
is presented in the following section.
5 DISCUSSION
This section comprises of the results obtained with evolving
particle spectra and gives a detailed discussion on our major
findings of this work. Sections 5.1, 5.2, and 5.3 elaborate on
the effects of the MHD instabilities on the observed jet emis-
sion based on different scenarios. Finally, section 5.4 gives
a qualitative comparison of our results with observational
findings.
5.1 Discussion on the Reference case
Initially, the reference case UNI-B with axial sonic Mach
Number Ms = 5, has uniform density, pressure, and axial
magnetic field. The growth of the KH instability leads to a
highly turbulent flow structure as shown in Fig. 2. Vortex
formation occurs near the shear layer due to the turbulence
(see top-right panel in figure 3). This leads to the formation
of shocks near the shear layer.
The effect of shocks on the jet emission can be under-
stood by studying the temporal evolution of the SED of the
reference case UNI-B. Using evolving particle spectra, we
choose a spectral index p = 6 in the reference case as opposed
to the A cases for which we have a spectral index p = 3 for
the initial power-law distribution of non-thermal particles
with initial energy bounds as γmin = 100 and γmax = 108 dis-
tributed equally in log-space using 512 bins. The ratio of the
number density of the non-thermal electrons to fluid number
density is kept the same as in the A cases (i.e., ηNT = 10−3).
The results for the reference case UNI-B are shown in Fig. 7.
The initial SED is a straight line given the power-law distri-
bution of non-thermal electrons and is shown using a black
line for both the synchrotron and inverse-Compton compo-
nents. This is steeper than the SED in Fig. 6 as the spectral
index of the particle distribution has been increased to p = 6.
For the synchrotron emission, the total integrated fluxes first
drop until t/ta ≈ 2.875 as a result of the synchrotron cooling
of the non-thermal electrons. A sudden flattening of the SED
occurs at t/ta ≈ 2.875 as the turbulence results in freshly
formed shocks that are captured using the evolving parti-
cle spectra. The interaction of multiple shocks accelerates
the non-thermal particles to higher energies as the parti-
cle distribution spectra flatten. Using the hybrid framework
in the PLUTO code, a second population of non-thermal
electrons with Lorentz factors up to γ = 109 is seen. The
emergence of this second population of electrons occurs in
the vicinity of freshly formed shocks and is demonstrated
using synchrotron emissivity contours at 1017Hz in X-rays
shown as black lines in Fig. 8. As a result, a separate spectral
component is seen as a bump in X-rays/γ-rays. The maxi-
mum Lorentz factor for the spectrum associated with macro-
particles in the vicinity of newly formed shocks is of the order
γ ≈ 109 and typical magnetic field strength of B = 100µG.
This amounts to a gyro-frequency νG = 280Hz which implies
that the critical frequency of synchrotron emission given by
νc ≈ 1.5γ2νG is estimated to be of the order of 1021Hz. This
is consistent with the fact that the peak of the bump in X-
rays/γ-rays lies at ν ≈ 1021Hz or E ≈ 4 MeV. However, the
shape of the SED evolves as it is a transient phenomenon.
The particle acceleration due to shocks is more efficient
at higher energies. However, we do see flatter spectra at
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Figure 5. Synchrotron emission maps produced using the static particle spectra (top panels) and evolving particle spectra (bottom
panels) with an initial power-law index, p = 3 for case UNI-A at t/ta = 2.25 projected on the sky plane X′-Y′. These maps are obtained
for a direction along a line of sight inclined at 20◦ with the jet axis at observing frequencies of 70MHz, 5GHz, and 43GHz. The colorbar
represents the magnitude of specific intensity Iν .
lower energies as the non-thermal electrons at higher ener-
gies cool down and populate the low energy levels.
Due to the contribution from the second synchrotron
component, the slope of the SED at t/ta = 3.5 goes directly
as
3−p
2 and equals 0.10 between the frequencies 10
13Hz and
1015Hz and 0.03 between the frequencies 1015Hz and 1017Hz.
These slopes drop to -0.26 and -0.01 at t/ta = 3.75 for the
same frequency ranges respectively due to synchrotron cool-
ing of the newly emerged second population of non-thermal
electrons. The spectral indices corresponding to these slopes
at t/ta = 3.75 are p = 3.51 and p = 3.02 while the compression
ratios obtained using the standard diffusive shock accelera-
tion theory p = 3s/(s − 1) − 2 are s = 2.19 and s = 2.49 re-
spectively indicating that the shocks are moderately strong.
The inverse-Compton emission follows a similar trend
of temporal evolution as it results from CMB photons scat-
tering off the same non-thermal electron population which is
responsible for the synchrotron emission. The dashed black
line in Fig. 7 represents continuous emission demonstrat-
ing a double hump feature which is generally seen in these
jets. Kobak & Ostrowski (2000) studied particle accelera-
tion due to shocks using Monte Carlo simulations. Stawarz
& Ostrowski (2002) derived the emission spectra for such a
distribution of non-thermal electrons and found an increased
emission at higher energies similar to the results shown in
Fig. 7.
Along with SEDs, we use the evolving particle spectra
to obtain both synchrotron and inverse-Compton emission
maps at three different energies for the B cases at t/ta = 3.75
for a direction along a line of sight inclined at θ = 20◦
with the jet axis in the X-Z plane. The observing frequen-
cies for the synchrotron emission maps are 10MHz, 1GHz,
and 100GHz in radio whereas the energies for the inverse-
Compton emission maps are 40KeV, 4MeV and 400MeV in
γ-rays. The 3D distributions of pressure and density are in-
tegrated along the same line of sight. The resulting pres-
sure and density maps along with the emission maps for the
reference case UNI-B are shown in Fig. 9. A complex net-
work of shocks evolves due to the turbulence during the non-
linear phase of the KH instability. As the macro-particles en-
counter multiple shocks, the non-thermal electrons get reac-
celerated to higher energies depending on the strength of
the shocks. Consequently, the particle spectra flatten and
we see bright emission features in the intensity maps at all
three energies coinciding with regions at high pressure and
density (see bottom panels in Fig. 9). This is consistent with
the results obtained by Micono et al. (1999) for the spectral
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Figure 6. The SED of synchrotron emission produced using static particle spectra with power-law index, p = 3 for the B cases with
Ms = 5.00 at t/ta = 2.25 when seen from a direction inclined at 20◦ (left-hand panel) and 50◦ (right-hand panel) with the jet axis.
index as the particles encounter multiple shocks in a 2D slab
jet experiencing the KH instability.
Further, we also examined the effects of the boundary
on the qualitative behaviour of the synthetic SED. In par-
ticular, we increased the domain size to 8Rj × 8Rj × Lz to
study the influence of side boundaries on the jet dynamics
and radiative properties. We found that the jet dynamics
are slightly altered whereas the radiative properties remain
the same qualitatively showing spectral hardening.
A histogram of the probability density distribution
function of the macro-particles with a compression ratio s
is shown in Fig. 11 for the reference case UNI-B (blue bars)
at t/ta = 3.75. The area under the histogram in each bin
is the probability of a macro-particle having a compression
ratio between s to s + ∆s where ∆s = 0.2 is the bin width.
We have about 5.5% particles in the reference case UNI-B
with a compression ratio s > 4. They typically arise when
the shocks begin to steepen and cover only one or two grids
zones in the transverse direction. These particles have been
neglected in Fig. 11 and not accounted for calculations.
The blue histogram for the reference case UNI-B shown
in Fig. 11 peaks at s = 2.2 which lies in the range 2.19 < s <
2.49 as discussed earlier with regard to the SED evolution
shown in Fig. 7. The number of shocked Lagrangian macro-
particles with compression ratios in this range is 18,087
which is significant enough to account for the spectral hard-
ening from radio to X-rays.
5.2 Comparison with helical jets
To investigate the role of instabilities in MHD jets using
radiative signatures, we compare the emission spectra of
the uniform magnetic field configuration UNI-B with the
helical magnetic field configurations HEL2-B and HEL2-
C obtained using the evolving particle spectra. The com-
parison at t/ta = 3.75 is shown in Fig. 10. In the UNI-B
case, we see a flattening of the synchrotron component of
the SED as a result of particle acceleration because of the
freshly formed shocks which gives rise to the second pop-
ulation of non-thermal electrons at high energies. As men-
tioned in section 5.1, the flattening of the spectra happen
after t/ta = 2.875, when freshly formed shocks first appear.
The number of shocked Lagrangian macro-particles grows
rapidly with time. The probability distribution of these
shocked particles represented by the blue histogram shown
in Fig. 11 peaks at a compression ratio s = 2.2 indicating
the presence of moderately strong shocks.
The jet boundary is clearly identifiable in the HEL2-B
case (see figure 2) as the helical magnetic field suppresses
vortex formation. As a result, no shock formation occurs in
the HEL2-B case. In the HEL2-C case, the perturbations
do not steepen enough due to the helical magnetic field to
form strong shocks despite ramping up the initial sonic Mach
number. Consequently, the HEL2-C case shows the presence
of weak shocks that are represented by the probability den-
sity distribution function in the red histogram in Fig. 11.
As most of the weakly shocked particles in the HEL2-C case
have a compression ratio s = 1.3, we get p = 3s/(s−1)−2 = 11
for these particles making the spectrum steep (see Fig. 10).
The total integrated fluxes at high energies drop as a result
of synchrotron cooling. Further, the HEL2-B and HEL2-C
cases also have higher magnetic field strengths at the inter-
face when compared to the UNI-B case, this as well enhances
the radiative cooling observed in these runs. No emission
is seen in X-rays as the particle acceleration is inefficient
due to the shocks being either absent or weaker in strength
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Figure 7. The time evolution of the SED for model UNI-B produced using the evolving particle spectra with an initial power-law index,
p = 6 when observed from a direction inclined at 20◦ with the jet axis. The color of the lines indicates the time normalized to Alfven time.
Lines with t/ta = 0.0, 2.62, 3.00, 3.12, 3.37, 3.5, 3.62, 3.75, 3.87, and 4.37 are shown as solid for the synchrotron emission and corresponding
dashed lines represent IC emission. For the sake of visualization, continuum SED for t/ta = 3.12 connecting the full frequency range is
shown as a black dashed line.
Figure 8. The distribution of jet pressure P/P0 of the reference
case UNI-B in the X-Z plane at t/ta = 3.75. Over-plotted as black
lines are the contours representing 1% of the peak value of normal-
ized synchrotron emissivity at 1017 Hz. The black lines indicate
regions of X-ray spots resulting from the second population of
non-thermal electrons generated in the vicinity of newly formed
shocks due to shear.
in the helical jet configurations. The corresponding inverse-
Compton components of the spectra have similar shapes as
the same electron population is responsible for both syn-
chrotron and IC-CMB emission.
In conclusion, the jet configuration with the Kelvin-
Helmholtz instability alone has disruptive flow causing shock
formation which results in a flatter emission spectrum while
the helical jet configuration is relatively stable with weaker
shocks leading to a steeper emission spectrum.
5.3 Comparison with under-dense jets
In the reference case UNI-B, no biconical shocks form near
the jet axis as the density and pressure are uniform initially.
For comparison, we model the jet configurations UNI-C and
UNI-D that are under-dense as compared to the ambient
(see Eq. 7). The ambient-jet density contrast η leads to the
formation of weak biconical shocks in the UNI-D case coin-
ciding with regions at high pressure on the jet axis as shown
in the bottom-left panel in Fig. 3.
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Figure 9. Top panels: Synchrotron emission maps obtained using the evolving particle spectra with an initial power-law index, p = 6
for the UNI-B case at t/ta = 3.75 projected on the sky plane X′-Y′. These maps are produced for a direction along a line of sight inclined
at 20◦ with the jet axis at observing frequencies of 10MHz, 1GHz, and 100GHz. Middle panels: Corresponding inverse-Compton emission
maps at observing energies of 40KeV, 4MeV, and 400MeV with the other model parameters being the same. Bottom Panels: The maps
of density ρ/ρ0 (left-hand panel) and pressure P/P0 (right-hand panel) integrated along the same line of sight.
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Figure 10. A comparison between the SED of cases UNI-B, HEL2-B, HEL2-C, and UNI-D produced using the evolving particle spectra
with initial power-law index, p = 6 for a direction along a line of sight inclined at 20◦ with the jet axis. All cases are shown at t/ta = 4.12
except for the under-dense jet UNI-D which is shown at t/ta = 13.25 (see text). The continuum SED demonstrating a double-hump feature
for the UNI-B case is shown as a black dashed line.
We expect the presence of the biconical shocks to have
an effect on the emission spectra. However, the emission
spectra of these under-dense jets are similar to that in the
reference case UNI-B. The result for the UNI-D case at
t/ta = 13.25 is shown as the purple line in Fig. 10. In the
under-dense jet UNI-D, it takes a longer time for the shocks
to form due to higher jet speed. We show the spectrum at
t/ta = 13.25 in this case as newly formed shocks are seen at
this time. The spectral features for model UNI-D are simi-
lar to those in the reference case UNI-B. We infer that the
particle acceleration due to the weak biconical shocks is not
as efficient as compared to the shocks formed at the shear
surface. The minor difference in SED that arises between
the UNI-B and UNI-D case particularly at low energies can
be attributed to the gradual steepening of weak biconical
shocks.
In order to quantify the strength of biconical shocks
at t/ta = 13.25, we consider the shocked macro-particles in
the cylindrical region 0 < r < a and the cylindrical shell
Rj−a < r < Rj+a, where a = 0.1 is the shear layer width and
Rj = 1.0 is the jet radius. As the biconical shocks are weak,
the number of shocked particles in the cylindrical region
around the axis is less (< 100) and the majority of them have
a compression ratio in the range 1.5 < s < 2.0. The biconical
shocks are weak as the density contrast η is not large enough.
In contrast, the stronger shocks at the jet boundary result in
a large number (> 104) of shocked particles in the cylindrical
shell and most of them have a compression ratio in the range
2.0 < s < 2.5. The formation of strong shocks at the jet
boundary is similar to what occurs in the reference case UNI-
B. This is consistent with our understanding of the emission
spectra in the under-dense jet UNI-D being similar to that
in the reference case with minor deviation in the low energy
part.
5.4 Qualitative comparison with Observations
The origin of X-ray emission in the multi-wavelength SED of
kilo-parsec scale AGN jets is still an open question. There
are several speculations regarding the presence of high X-
ray emission seen in the large scale jets of many quasars
which include the contribution of inverse-Compton scatter-
ing of CMB photons. However, in the case of PKS 0637-752,
Georganopoulos et al. (2016) demonstrated that the pre-
dicted flux value of hard X-ray emission using the IC-CMB
framework is much higher than the upper limit of observa-
tions made by Fermi. Consequently, additional requirements
such as relativistic speeds at large scales and a viewing di-
rection close to the jet axis were also eliminated as essential
to explain the bright X-ray emission. Furthermore, Chartas
et al. (2000) even ruled out the scenario of synchrotron self-
Compton for the same source PKS 0637-752. This suggests
having different particle acceleration mechanisms that may
involve acceleration due to the production of shocks.
Bright features due to interacting internal shocks have
been revealed using HST for 3C 264 Meyer et al. (2015).
Also, X-ray observations of the source 3C 227 W1 have
been attributed to synchrotron emission from a population
MNRAS 000, 1–19 (2020)
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Figure 11. A histogram showing the probability density distribution of the number of shocked macro-particles with compression ratio
for the ’UNI-B’ and ’HEL2-C’ cases at t/ta = 3.75. The dark red color is due to the overlapping of the blue and red bars.
of highly energetic electrons, indicative of particle accelera-
tion occurring in localized regions (Migliori et al. 2020). In
the case of 3C 346, bright knots seen in X-ray observations
of the kiloparsec-scale jet have shown spatial offsets from the
high-intensity regions in radio (Worrall & Birkinshaw 2005).
Vaidya et al. (2018) were able to reproduce these offsets in
emission maps based on evolving particle spectra obtained
using simulations of oblique shocks in 2D slab jets.
In the present work, we have focused on 3D simulations
of the plasma column undergoing dominant KHI and have
studied the impact of shocks in particle re-acceleration. The
synthetic multi-wavelength SED for the UNI-B case becomes
flat due to the formation of shocks as the result of KHI. The
interaction of multiple shocks can give rise to the localized
region of energetic particles with flat spectral slope consis-
tent with the evolution of spectral index using 2D MHD
runs as discussed in Micono et al. (1999). Such a surge of
high energy electrons in localized spots (second population)
could explain the origin of the bright knot that is seen in
the large scale jet of PKS 0637-752 as shown in Fig. 1 (a)
of Georganopoulos et al. (2016). For the case of PKS 0637-
752, a network of multiple strong shocks could originate from
the following possibilities: a) interacting internal shocks, b)
shocks due to KH instability due to shear between the jet
and ambient or c) due to interaction of the jet with ambient
in-homogeneity. In all of the above possibilities, a localized
region of strong shocks can result in forming high concentra-
tions of X-ray emitting electrons giving rise to bright spots
of X-ray emission.
In summary, we propose that the spectral hardening re-
sulting from particle acceleration and shock formation is a
common feature in the multi-wavelength emission spectra of
AGN jets at large scales. In particular, the complex network
of interacting shocks produced either due to the interac-
tion with ambient or within the jet beam plays a vital role
in producing high energy X-ray spots and the consequent
hardening of the continuum spectra.
6 SUMMARY AND OUTLOOK
We have carried out 3D simulations of a plasma column that
represents a section of a jet at kilo-parsec scales. This study
is aimed to understand the effects of MHD instabilities on jet
dynamics and energetics that have implications for stability
and emission signatures.
• Dynamical analysis of simulation runs for A cases have
been validated with those of Baty & Keppens (2002). In
particular for uniform density cases with sonic Mach num-
ber Ms = 1.26, we find that the case with axial magnetic field
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(UNI-A) is unstable due to the KH mode and results in a
disrupted and turbulent jet. On incorporating the azimuthal
field, the jet column achieves stability as the growth of vor-
tices at the shear surface is damped due to the presence of
a helical field (HEL1-A and HEL2-A). (see Fig. 2.)
• Cases with higher shear flow velocity and/or high den-
sity contrast (B, C, and D cases) show a generation of more
vorticity at the shear surface and also show a presence of
shocks in comparison to the A cases (see Fig. 3). Addition-
ally, the under-dense jet columns (C and D cases) show a
presence of weak biconical shocks. The onset of instability
in these cases happens at a later Alfven time as compared
to A cases. The jet column with axial magnetic fields and
high sonic Mach number is prone to KH mode instability
and shows a presence of more and stronger shocks as com-
pared to the cases with helical field structure having the
same sonic Mach number.
• The impact of instabilities on emission signatures has
been demonstrated by generating synthetic emission maps
and SEDs using static power-law spectra. We find differences
in SEDs for UNI cases in comparison to ones with helical
magnetic fields. These differences become more acute with a
smaller viewing angle due to the dependence of synchrotron
emissivity on |B × nˆlos | = |B| sinα (see Figure 6).
• In order to capture localized physical effects such as
particle acceleration due to shocks and radiative losses, we
produced emission signatures using a more accurate model
that uses evolving particle spectra. A significant difference
in terms of multi-band intensity maps has been seen in com-
paring the static and evolving spectra models (see Fig. 5)
for the UNI-A case. This difference is purely on the account
of synchrotron cooling of the non-thermal electrons as the
UNI-A case with a lower axial sonic Mach number Ms = 1.26
does not show any shocks. Similar features of enhanced emis-
sion at the shear surface due to compressing magnetic fields
are seen in both the emission models, especially at low fre-
quencies.
• Using the evolving particle spectra for the uniform mag-
netic field configuration UNI-B, we see a flattening of the
SED due to localized physical effects such as particle accel-
eration caused by the steepening of perturbations resulting
in freshly formed shocks at small scales due to the KH insta-
bility. In the helical magnetic field configurations, HEL2-B
and HEL2-C, the SED is relatively steeper at higher ener-
gies as the changes in jet density occur at large scales and
localized shocks are either absent or weaker in strength.
• The major finding from this study is the demonstra-
tion of spectral hardening resulting in multi-peaked syn-
thetic SED generated using the hybrid model of evolving
particle spectra. The onset of KH instabilities gives rise to
strong shocks at the shear surface thereby accelerating par-
ticles nearby strong shocks and generating a localized second
population of high energy particles. For our reference run,
we find that the particles can be accelerated up to γmax ∼ 109
and in the presence of moderate magnetic field strengths of
∼ 100 µG, result in a transient peak at 1021Hz (∼ 4 MeV)
due to the synchrotron process. This can potentially explain
the bright X-ray emission seen in kpc scale AGN jets like
PKS 0637-752.
• For cases with an under-dense jet column, we find that
the bulk of the emission arises from strong shocks formed
at the shear surface, whereas, the bi-conical shocks formed
near the jet axis are relatively weaker and do not contribute
significantly to the hardening of spectra for the cases con-
sidered here.
To summarise, the presence of Kelvin-Helmholtz insta-
bility alone disrupts the flow causing shock formation which
results in a flatter emission spectrum whereas the inclusion
of a helical magnetic field hinders the growth of Kelvin-
Helmholtz instability and has a stabilizing effect on the jet
making the emission spectra steep due to the absence of
strong shocks. The spectral hardening due to the produc-
tion of a shock accelerated localized second population of
high energy electrons can provide a qualitative explanation
of the bright X-ray spots typically observed in AGN jets
at kilo-parsec scales. Another observable that can constrain
the properties of AGN jets at kilo-parsec scales is the po-
larization. By studying the polarization properties of the jet
emission, we can probe into the magnetic field structure of
the jet (Avachat et al. 2016). The magnetic field structure
can reveal important clues about how shocks may form and
lead to particle acceleration in large scale jets. We aim to
study the polarization properties of the jet emission in future
work.
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APPENDIX A: VALIDATION OF STATIC
PARTICLE SPECTRA APPROACH
As a matter of verification, we validate our post-processing
tool with static particle spectra for a single grid-cell with an
open-source one zone model NAIMA (Zabalza 2015). We
assigned a particular set of free parameters to model the
synchrotron and IC emission from the jet at kpc-scales. The
parameters are minimum electron energy E0 = 1TeV , power-
law index p = 5, the distance between the blob and observer
D = 1.5kpc, magnetic field strength B = 100µG, and the ra-
tio of the number density of non-thermal electrons to fluid
number density ηNT = 0.01. The same set of parameters are
inputted to the NAIMA code for obtaining the SED. A com-
parison of the SED obtained using the static particle spectra
for a single grid-cell with those produced using the NAIMA
code is shown in Fig. A1. The SEDs from both these codes
show a decent match across the electromagnetic spectrum
ranging from frequencies between 1MHz in radio to 1YHz in
γ-rays. This clearly validates the equations adopted for the
static particle spectra approach. While the NAIMA code
uses analytical approximations for computing both the syn-
chrotron (Aharonian et al. 2010) and IC (Khangulyan et al.
2014) emissivities, our approach computes the exact inte-
grals in equations 16 and 22 numerically for more accurate
results.
Figure A1. Comparison between SED of synchrotron and
inverse-Compton emission with power-law index, p = 5 obtained
using the static particle spectra for a single grid cell and one-zone
model NAIMA keeping all other parameters the same.
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